ABSTRACT To optimize the use of corn grain in diets for laying hens, differences in amino acid (AA) digestibility and metabolizable energy among different corn samples should be considered in feed formulation. The present study investigated the variability of AA digestibility and AME n concentration of 20 corn samples in cecectomized laying hens. Corn grains were characterized based on their physical properties (thousand seed weight, test weight, grain density, and extract viscoelasticity), chemical composition (proximate nutrients, AA, minerals, and inositol phosphates), gross energy concentration, and in vitro solubility of nitrogen to study any relationship with AA digestibility or AME n . The animal study comprised 4 Latin squares (6 × 6) distributed between 2 subsequent runs. Cecectomized LSL-Classic hens were individually housed in metabolism cages and fed either a basal diet containing 500 g/kg cornstarch or one of 20 corn diets, each replacing the cornstarch with one corn batch, for 8 days. During the last 4 d, feed intake was recorded and excreta were collected quantitatively. A linear regression approach was used to calculate AA digestibility of the corn. The digestibility of all AA differed significantly between the 20 corn batches, including Lys (digestibility range 64 to 85%), Met (86 to 94%), Thr (72 to 89%), and Trp (21 to 88%). The AME n of the corn batches ranged between 15.7 and 17.1 MJ/kg DM. However, consistent correlations between AA digestibility or AME n and the physical and chemical characteristics of the grains were not detected. Equations to predict AA digestibility or AME n based on the grain's physical and chemical characteristics were calculated by multiple linear regressions. The explanatory power (adjusted R 2 ) of prediction equations was below 0.6 for the majority of AA and AME n, and, thus, was not sufficiently precise for practical use. Possible explanations for the variation in AA digestibility and AME n beyond the determined characteristics are discussed. In conclusion, AA digestibility and AME n of corn grain is high in laying hens, but varies among different corn samples, with physical and chemical characteristics not suitable for explaining these variations.
INTRODUCTION
Corn grain is a commonly used ingredient in the diets of laying hens in many regions of the world. There is a general perception among poultry nutritionists that the feeding value of corn grain is high, which is mainly attributed to the high concentration of starch and relatively low concentrations of anti-nutritional factors, e.g., nonstarch polysaccharides (NSP) (Burton and Fincher, 2012; Bach Knudsen, 2014; Rodehutscord et al., 2016) . However, the chemical composition of corn grain is variable (Cowieson, 2005) , and it might affect the digestibility of nutrients and the concentration of C 2016 Poultry Science Association Inc. Received July 14, 2016 . Accepted October 26, 2016 Presented in part at the annual meeting of the Society of Nutrition Physiology, Hanover, Germany, March 8-10, 2016. Zuber, T., Rosenfelder, P., Rodehutscord, M. (2016) : Variability of amino acid digestibility of maize grains from different genotypes in caecectomised laying hens. Proc. Soc. Nutr. Physiol. 25:35 (abstr.) . 2 Corresponding author: markus.rodehutscord@uni-hohenheim.de metabolizable energy. The concentration of CP in corn grain is generally lower than that in other cereal grains, and it usually varies between 70 and 126 g/kg DM (Metayer et al., 1993; Jeroch et al., 1999; Cowieson, 2005; Bryden et al., 2009; Rodehutscord et al., 2016) . Nevertheless, since corn grain is often used in high quantities in diets for laying hens, it provides significant amounts of amino acids (AA). Several studies have demonstrated that feed formulation based on digestible AA is superior to that based on total AA when attempting to increase the efficiency of AA utilization (Douglas and Parsons, 1999; Bryden and Li, 2010) . However, detailed information about the variation of AA digestibility both between and within feed ingredients is needed. Previous studies of AA digestibility in corn grain for diets of laying hens investigated only a few samples, but still indicated differences in AA digestibility. Adedokun et al. (2015) determined the prececal digestibility of AA in 3 corn samples and discovered values ranging from 83 to 93% and 90 to 93% for Lys and Met, respectively. Huang et al. (2007) 1. Analyzed CP, amino acid, and gross energy concentration as well as grain density of the corn samples (g/kg DM, unless otherwise stated). 1 2.9 3.5 2.7 2.7 3.0 3.1 2.5 2.8 2.8 2.8 3.0 2.6 2.5 2.7 2.6 2.5 2.4 3.2 2.5 3.1 Met 1 2.3 2.3 1.7 1.6 2.6 2.3 1.7 2.1 1.9 2.2 2.1 1.8 1.7 2.0 1.7 1.7 1.6 2.0 1.7 2.3 Thr 1 3.4 3.7 3.3 3.3 3.7 3.7 2.9 3.9 3.4 3.7 4.0 3.5 3.0 3.5 3.2 3.1 3.0 3.7 3.0 3.9 Trp 1 0.7 0.9 0.7 0.6 0.7 0.8 0.6 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.6 0.8 0.7 0. and Adedokun et al. (2009) studied AA digestibility in one sample of corn in laying hens and obtained lower values for Lys (76 and 75%, respectively) and Met (89 and 88%, respectively) than did Adedokun et al. (2015) . In contrast, similar to the values determined by Adedokun et al. (2015) , digestibility values of 89% for Lys and 95% for Met were obtained by Vasan et al. (2008) in cecectomized cockerels. However, because systematic studies investigating a large number of corn samples are not available, the possible extent of the variation in AA digestibility among corn grains, as well as explanations for these variations, still needs to be elucidated. To the authors' knowledge, information about the concentration of AME n in corn grain fed to laying hens is lacking. Published studies have been conducted researching cockerels (McNab and Shannon, 1974; Metayer et al., 1993; Ertl and Dale, 1997; Lessire et al., 2003) , broiler chickens (Perttilä et al., 2005) , and ducks (Zhao et al., 2008) . Lessire et al. (2003) studied 37 corn samples using force-fed cockerels and determined AME n values ranging from 15.2 to 17.1 MJ/kg DM. Similar values with a smaller range were observed by Metayer et al. (1993) for French corn grains that were grown across different regions and years. In adult cockerels, these authors determined AME n values ranging from 15.3 to 16.0 MJ/kg DM. In ducks, the AME n content of 6 corn samples ranged between 15.2 and 15.8 MJ/kg and could be predicted with an acceptable accuracy from the chemical constituents of the grains (Zhao et al., 2008) . However, since it is presumed that species-specific differences exist in the ability to metabolize the energy contained in the feed ingredients, it is preferable to utilize energy values that have been determined with the poultry species for which the feed has been calculated.
Thus, the main objective of the present study was to generate a data set on the level and variation of AA digestibility and AME n of 20 corn batches in laying hens. Furthermore, we studied correlations between AA digestibility or AME n and the physical and chemical characteristics of the corn samples. An additional objective was the development of equations based on the analyzed characteristics of the grain, to be able to predict AA digestibility or AME n under practical conditions.
MATERIALS AND METHODS

Corn samples and experimental diets
Twenty-seven corn genotypes (Zea mays L.) were grown within the framework of the "GrainUp" project (Rodehutscord et al., 2016) . From this pool of samples, 20 were selected (genotypes 1, 2, 3, 4, 5, 6, 7, 9, 11, 12, 13, 14, 17, 18, 19, 20, 21, 24, 26, and 27 ) for the present study, to achieve the largest possible range of proximate nutrient compositions. Numbering of the corn samples is identical in the present study as in the companion paper of Rodehutscord et al. (2016) . The CP concentration in the 20 selected samples ranged from 78 to 112 g/kg DM, with 2.4 to 3.5 g/kg DM Lys and 1.6 to 2.6 g/kg DM Met. The crude fat content ranged from 44 to 123 g/kg DM (Table 1) . This wide variation is related to the inclusion of specialty corn genotypes that were selected for their high oil contents. A full description of all analyzed characteristics of the samples, including physical measures, proximate nutrients, AA, minerals, and so forth is provided in Rodehutscord et al. (2016) . The genotypes were grown in the same region and under similar, but not identical, management conditions. Hence, this manuscript subsequently refers to corn "samples" rather than "genotypes."
A basal diet (BD) containing 500 g/kg cornstarch was prepared to meet or exceed the recommendations of the Gesellschaft für Ernährungsphysiologie (1999) for laying hens, assuming a BW of 1,800 g and daily egg production of 60 g. The 20 corn samples were individually ground through a 2-mm mesh and replaced the cornstarch in the BD to produce 20 experimental corn diets (CD) ( Table 2 ). All feed ingredients, except for the corn and cornstarch, were mixed into one main batch (basic mix). This mix was subsequently divided into 21 parts, and each part was mixed with one of the 20 corn samples or the cornstarch. The analyzed CP concentration was 209 g/kg DM for the BD and ranged from 243 to 259 g/kg DM for the 20 CD ( Table 3 ). All experimental diets were pelleted without using steam to pass a die of 3-mm hole diameter. Diet preparation was performed in the certified feed mill facilities of the Agriculture Research Station of the University of Hohenheim. Diets contained no exogenous enzymes and were offered to the hens at an amount of 120 g/d, equally distributed across 2 meals per day.
Birds and housing
Twelve laying hens (strain LSL-Classic) underwent surgical removal of their cecae at 20 to 28 wk of age at the Veterinary Clinic of the University of Hohenheim as described by Zuber et al. (2016a) . Within a few d after surgery, the hens returned to their previous levels of feed intake and laying performance. During the trial, the birds were individually housed in metabolism cages (49.5 cm wide × 44.5 cm deep × 79.5 cm high), equipped with a perch, a feeding trough, water cups, and a wire mesh floor. Trays were installed under the cages to collect excreta. The temperature in the hen house was adjusted to 20
• C and light was provided for 14 h/d (07:00-21:00). All animal procedures were in accordance with the animal welfare regulations and approved by the Regierungspräsidium Stuttgart under project number V270/09 TE. At the onset of the experiment, the animals were 55 wk old and the study proceeded for 19 weeks.
Experimental design and sample collection
The experimental design comprised 4 Latin squares (6 × 6 each) distributed over 2 runs, resulting in 12 experimental periods. Each Latin square contained the BD and 5 of the CD. In each of the 12 periods, the laying hens were fed their respective diet for 8 d and during the last 4 d, excreta were quantitatively collected twice daily at approximately 07:00 and 15:00. Before excreta collection from the trays, feathers, flakes of shed skin, and spilled feed pellets were thoroughly removed. The excreta of each individual bird were pooled within each period and stored frozen. Feed refusals were recorded individually and laying performance and egg weight were determined for each bird. At the end of an experimental period, hens were group-housed in a floor pen on litter for 2 d and offered a conventional layer diet for ad libitum consumption. This group housing between 2 experimental periods was one component of the approved protocol obtained from the animal welfare authorities. 6.4 9.3 9.6 9.6 9.6 9.8 10.0 8.9 10.5 9.8 10.2 10.6 9.8 9.5 9.7 9.8 9.5 9.3 10.0 9.2 10.5 Arg 8.1 10.2 10.6 9.9 9.9 10.1 10.7 9.7 10.5 10.2 10.4 10.6 10.1 10.3 10.4 10.2 9.9 9.9 10.4 10.2 10.7 Asp 9.3 12.5 13.0 12.7 12.7 12.9 13.3 12.2 13.4 13.0 13.1 13.4 12.9 12.8 13.1 12.9 12.6 12.7 13.2 12.6 13. 
Sample preparation and chemical analyses
Experimental diets were ground using an Ultra Centrifugal Mill (ZM 200, Retsch GmbH, Haan, Germany) and sieved through a 0.5-mm mesh screen for analysis of DM, crude ash, and CP. For AA analysis, diets were ground using the same mill and sieved through a 0.1-mm mesh screen. Excreta samples were thawed, weighed, and homogenized using a blender shaft. A subsample was used for DM determination in threefold replication. The remainder was freeze-dried and then ground using a laboratory mortar grinder (Fritsch pulverisette 2, Idar-Oberstein, Germany) to a fine powder. Ground feed and excreta samples were stored in airtight containers at 4
• C to await further analyses.
Experimental diets and excreta samples were analyzed for DM (method 3.1), crude ash (method 8.1), and CP (method 4.1.1) based on official methods in Germany (Verband Deutscher Landwirtschaftlicher Untersuchungs-und Forschungsanstalten, 2007) and for AA following Rodehutscord et al. (2004) with small laboratory modifications as explained by Zuber et al. (2016a) . Amino acids were separated by ionexchange chromatography and detected after post column derivatization with ninhydrin reagent using an AA analyzer (VWR/Hitachi, L-8900, Tokyo, Japan). Gly was not recorded in excreta samples because it may occur as a by-product of uric acid hydrolysis during sample preparation (Dalgliesh and Neuberger, 1954) . Met and Cys were determined as methionine sulfone and cysteic acid, respectively. Trp analysis followed standard procedures as described in detail by Fatufe et al. (2005) with small modifications as explained by Zuber et al. (2016a) . Trp was separated through reversed-phase HPLC using an apparatus from the 1100 Agilent series (Agilent Technologies, Santa Clara, CA).
Grain density and in vitro solubility of nitrogen
In addition to the physical measurements described in Rodehutscord et al. (2016) , the density of the corn grains was determined using a pycnometer as described by Correa et al. (2002) , with the modification that approximately 7 g of the grains were used for the measurements in threefold replication.
The in vitro solubility of nitrogen (N) after pretreatment with pepsin and pancreatin, as suggested by Boisen and Fernández (1995) for pigs, was determined for the 20 corn samples. The procedure followed the descriptions of Jezierny et al. (2010) with slight modifications: a water bath was used during the incubation steps and fiber bags (NDF/ADF fiber bags, Gerhard GmbH & Co. KG, Königswinter, Germany) were used as a filter aid for the undissolved residues.
Calculations and statistics
AA digestibility of the BD and CD was calculated for each hen individually based on the following equation:
where, AA intake (mg/d) was calculated as DM intake (g/d) during the 4-day collection period multiplied by the analyzed AA concentration (mg/g DM) in the diet, and AA excreted was calculated as DM excreted (g/d) during the 4-day collection period multiplied by the respective AA concentration (mg/g DM) in the excreta. AA digestibility of each corn sample was calculated using a mixed model approach. This approach implies a previously demonstrated linear relationship between AA intake and digested AA over a wide range of intake (Rodehutscord et al., 2004; Rezvani et al., 2008; Kluth et al., 2009 ). There is no need to apply correction factors for endogenous losses, because basal endogenous losses are contained in the intercept, whereas the specific endogenous losses are contained in the slope of the regression lines (Rodehutscord et al., 2004) . The following model was applied (Zuber et al., 2016a) :
where, y ijkl is the ratio of the digested AA amount and the intake of AA attributable to the BD during the 4-day collection period, μ is the intercept (representing the AA digestibility of the BD), c is the ratio of the AA intake attributable to corn and attributable to the BD during the 4-day collection period, β i is the AA digestibility of corn sample i, r j is the effect of run j, p kj is the effect of period k of run j, h l is the effect of hen l, and e ijkl is the residual error. The effects of run, period, and hen were modeled as random effects. The AA digestibility of corn is thus represented by the relationship (slope) between c and y ijkl multiplied by 100. Regression coefficients were calculated simultaneously using the PROC MIXED procedure of the software package SAS for Windows (Version 9.3, SAS Institute, Cary, NC). Slope effects of the corn samples were compared using multiple t-tests with ESTIMATE statements.
The concentration of AME n in the corn samples was calculated using the AME n values of the BD and the 20 CD. For this, the AME n values of the experimental diets were determined for each hen individually based on the following equation: AME n (MJ/kgDM) = energy intake 1  2  3  4  5  6  7  9  11  12  13  14  17  18  19  20  21  24  26  27   Arg  91  92  92  91  91  91  92  90  92  91  91  92  91  91  91  91  91  91  91  91 His  87  87  86  87  87  87  88  86  88  87  88  88  87  87  88  86  87  87  87  87 The amount of N in the eggs was calculated as the average daily egg mass produced during the collection period multiplied by N concentration in the eggs, with an average CP concentration in the egg of 12%, and a concentration of 16% N in egg protein assumed. The AME n value of the corn samples was calculated for each hen using the determined AME n value of the CD and the AME n value of the basic mix (mixture without cornstarch or corn) (12.3 MJ/kg DM). The latter was calculated using the mean AME n value determined for the BD (n = 22) (14.5 MJ/kg) and an assumed AME n value of cornstarch of 16.69 MJ/kg DM (WPSA, 1986) .
Relationships between AA digestibility or AME n concentration and the analyzed fractions of the corn samples (as reported in the companion paper, Rodehutscord et al., 2016, plus density measurements described in the present study) were examined by calculating Pearson product-moment correlation coefficients using the PROC CORR procedure. Multiple regression analysis (PROC REG procedure) was performed using a stepwise approach and the P-value of an F-test as selection criteria. The analysis aimed to explain the variation in AA digestibility or AME n concentration because of the different variables. For this, the analyzed variables were pooled based on their characteristics (physical properties, pool 1; proximate nutrients including gross energy and in vitro solubility of N, pool 2; AA concentration in the grain, pool 3; AA concentration in the protein, pool 4; and minerals, pool 5).
Prediction equations for the AA digestibility as well as for the concentration of AME n were calculated using each of the pooled data. In the multiple regression analysis, variables were classified as significant predictors at P ≤ 0.10. Calculated equations were assessed based on the adjusted R 2 and the root mean square error (RMSE).
RESULTS
Mean BW (±standard deviation) of the hens was 1578 ± 71 g at the beginning of period 1 and 1655 ± 170 g at the end of period 12. Laying performance was at a high level, with a rate of 92% or greater. The mean daily feed intake ranged from 90 ± 9 g (CD 14) to 102 g (±6 and ±15 for CD 3 and CD 17, respectively) and was not statistically different among the treatments (P > 0.05).
Overall, the level of AA digestibility was high for the majority of AA in the experimental diets and varied little among diets (Tables 4 and 5 ). The AA digestibility of the BD was on a similar level as that of the 20 CD. The lowest digestibility (80%) was obtained for Thr (CD 5 and CD 7) and Asp (CD 7). The highest digestibility was observed for Glu in the BD (97%).
The mean digestibility of the corn samples for Lys, Met, and Thr was 79, 91, and 83%, respectively 1 n = 22; 2 hens were excluded from the evaluation, because excreta could not be collected completely. 2 n = 6 (exception: n = 5 in corn diet 21, in which one hen was excluded from the evaluation because excreta could not be collected completely). 3 Differences in amino acid digestibility among experimental diets were not statistically evaluated. 1 n = 6 (exception: n = 5 for corn sample 21). 2 The slopes (β i ) between c and y ijkl from equation 2 multiplied by 100 represent the digestibility of the respective corn sample i. 3 Significant differences among the samples were detected, but owing to the large number of samples, different superscript letters are not displayed.
( Tables 6 and 7 ). The highest mean digestibility was determined for Pro (94%), whereas Trp had the lowest digestibility (69%). Differences in the digestibility between extreme corn samples varied among AA but were significant (P < 0.001) for all AA studied. Highest variation was obtained for Trp and Lys, with differences among extreme corn samples of 66 percentage points and 21 percentage points, respectively. Trp showed the lowest AA digestibility with 21% in corn sample 4, whereas the highest AA digestibility was acquired for Pro (97%) in corn sample 13. The correlation analysis calculated for the AA digestibility and for the analyzed physical and chemical characteristics of the corn samples showed inconsistent results. No physical or chemical characteristics of the grains were significantly correlated with digestibility for all AA. For essential AA, the test weight was significantly correlated with the digestibility of His (r = 0.66), Leu (r = 0.65), Phe (r = 0.60), and Thr (r = 0.63) (all P < 0.01). Density of the corn grains ranged between 1.19 (sample 7) and 1.31 g/cm 3 (samples 12 and 13) (Table 1) , and was significantly correlated with the digestibility of Arg (r = 0.55, P < 0.05), His (r = 0.69, P < 0.001), Leu (r = 0.71, P < 0.001), Lys (r = 0.50, P < 0.05), Met (r = 0.48, P < 0.05), Phe (r = 0.67, P < 0.01), Thr (r = 0.65, P < 0.01), and Val (r = 0.45, P < 0.05). The concentration of CP was significantly correlated with the digestibility of Arg (r = 0.61, P < 0.01), His (r = 0.51, P < 0.05), Leu (r = 0.63, P < 0.01), Lys (r = 0.50, P < 0.05), Met (r = 0.47, P < 0.05), Phe (r = 0.61, P < 0.01) and Thr (r = 0.50, P < 0.05). The in vitro solubility of Table 7 . Estimated digestibility values (%) and standard error (SE) of the estimates of nonessential amino acids in the corn samples. N ranged from 75 to 86% and was not significantly correlated with the digestibility of any AA. Among the minerals, zinc was significantly correlated with the digestibility of Arg (r = 0.53), Ile (r = 0.47), Leu (r = 0.55), Met (r = 0.47), Phe (r = 0.49), and Val (r = 0.51) (all P < 0.05). The concentration of a specific essential AA in the corn sample and its digestibility was significantly correlated for Arg (r = 0.58, P < 0.01), His (r = 0.47, P < 0.05), Leu (r = 0.70, P < 0.001), Met (r = 0.48, P < 0.05), Phe (r = 0.67, P < 0.01), and Trp (r = 0.52, P < 0.05). The concentration of phytic acid (InsP 6 ) was significantly correlated with the digestibility of Arg (r = 0.45) and Trp (r = 0.52) (both P < 0.05). Further significant correlations between AA digestibility and characteristics of the grains occurred only in a few cases without consistent patterns. The mean AME n of the 20 corn samples was 16.3 MJ/kg DM and ranged between 15.7 (corn samples 3 and 7) and 17.1 MJ/kg DM (corn sample 6) ( Table 8 ). Significant correlations between AME n and analyzed characteristics of the corn were obtained for the concentration of crude fat (r = 0.49, P < 0.05), Trp (g/kg DM) (r = 0.46, P < 0.05), and gross energy (r = 0.47, P < 0.05). Furthermore, significant correlations were obtained between the concentration of AME n and the digestibility of the majority of AA. Among the essential AA, significant relationships between AME n and the digestibility of Arg (r = 0.63 P < 0.01), His (r = 0.50, P < 0.05), Ile (r = 0.54, P < 0.05), Lys (r = 0.66, P < 0.01), Met (r = 0.61, P < 0.01), Phe (r = 0.49, P < 0.05), Thr (r = 0.53, P < 0.05), Trp (r = 0.47, P < 0.05), and Val (r = 0.50, P < 0.05) were obtained.
Results of the multiple linear regression analysis are summarized in Table 9 , with a more detailed description of the variables and respective signs for each pool tested available as supplementary E-tables (Tables S8-S12) . Prediction accuracy was different between AA for the same pool of variables and between pools of variables for the same AA. The adjusted R 2 was below 0.6 in the majority of cases and, therefore, not sufficiently precise to predict AA digestibility. The accuracy of equations to predict the AME n concentration of the corn samples varied between pools of variables and was highest for pool 5, which comprised the concentration of minerals (adjusted R 2 = 0.40).
DISCUSSION
The results of the present study generally confirm the high levels of AA digestibility of corn grains, found in previous studies with laying hens (Huang et al., 2007; Adedokun et al., 2009; Adedokun et al., 2015) . However, a considerably larger variation between samples was observed in the present study (Tables 6 and 7) , especially in the digestibility of Trp that varied over a great range with values from 21 (sample 4) to 88% (sample 18). Corn sample 4 was not conspicuous in any respect; therefore, the extremely low Trp digestibility Table 9 . Accuracy of equations (adjusted R 2 ) for predicting amino acid digestibility (%) and AME n content (MJ/kg DM) of corn grain from different pools of variables. of this corn sample cannot be explained. Because the analysis of Trp requires additional laboratory effort, Trp digestibility has rarely been determined in previous studies, which means that the possibility of comparing Trp results among different studies is restricted. Adedokun et al. (2009) studied one sample of corn and determined a Trp digestibility of 85% in laying hens, which is in the range observed in the present study. Moreover, the digestibility of Lys varied largely among extreme samples (difference of 21 percentage points), with the lowest Lys digestibility determined in sample 7 (64%), whereas sample 13 showed the highest (85%). Furthermore, Lys was the AA with the second lowest mean digestibility after Trp. A relatively low digestibility of Lys in corn grain also has been described in previous studies with laying hens (McNab and Shannon, 1974) , roosters (Vasan et al., 2008) , and broiler chickens (Iyayi and Adeola, 2014) . A possible explanation for this observation will be discussed later. The fact that the present study revealed a larger variability of AA digestibility than previous investigations is not surprising, because previous studies investigated only a few samples of corn, wherein the total variability was not depicted. A large variability in AA digestibility also has been observed for other cereals in laying hens. Using the same experimental approach as described here, Zuber et al. (2016a,b) studied the AA digestibility of 20 genotypes of triticale and rye. In these grains, the mean AA digestibility was lower than in the present study, including Lys (triticale: 74% and rye: 49%) and Met (triticale: 83% and rye: 67%). The AME n concentration determined for the 20 corn samples ranged between 15.7 and 17.1 MJ/kg DM (Table 8) and was in the range obtained from previous studies with other poultry species (Lessire et al., 2003; Zhao et al., 2008) . Lessire et al. (2003) studied the AME n concentration of 37 corn samples in cockerels of determined values ranging from 15.2 to 17.1 MJ/kg DM. These authors also included high oil content corn samples in their study, but no sample-specific information is given about the fat concentration in the utilized grains. It is presumed that the high oil content of their samples contributed to the similarly high AME n values as those obtained in the present study. A smaller variation together with a lower level than that of the present study results was obtained by Zhao et al. (2008) in 6 corn samples studied in ducks (15.2 to 15.8 MJ/kg). To our knowledge, no data for laying hens have been published to date, meaning that a species-specific evaluation of the AME n concentration is impossible at present. It cannot be ruled out that using cecectomized hens yields different AME n values than using non-cecectomized hens because potentially fermentable substrates may be less utilized. However, because the content of fiber fractions is low in corn, we assume that the lack of cecae did not cause a relevant effect on the AME n estimates made in the present study.
Prior to commencement of the present study, we hypothesized that differences in AA digestibility and AME n concentration among the corn samples could be explained by physical properties or chemical constituents of the grains. However, although the corn grains were comprehensively analyzed, neither single nor groups of variables were suitable to explain the variation obtained among the corn samples precisely (Table 9) .
Phytate is often discussed as a potent anti-nutritional factor in cereals, which can negatively affect the digestibility of carbohydrates and AA in poultry (Cowieson, 2005) . Douglas et al. (2000) examined the AA digestibility of conventional and low-phytate corn in cecectomized roosters and determined a higher digestibility in 8 AA in low-phytate corn. In the present study, no significant negative correlations between the InsP 6 concentration and AA digestibility or the AME n concentration were detected. However, the InsP 6 concentration in our corn samples varied over a relatively small range (0.19 to 0.31% in DM). Eeckhout and De Paepe (1994) discovered considerably higher phytate concentrations in corn with values from 0.57 to 0.92% in DM. Therefore, the concentration and variability of phytate in corn samples investigated in the present study were too low to demonstrate a significant relationship with AA digestibility or AME n concentration.
Bach Knudsen (2014) summarized the concentration of NSP in cereal grains and concluded that the level, as well as the solubility, of NSP is lowest in corn grains. Although the concentration of NSP was not analyzed in the present study, the fact that no significant relationships between neutral detergent fiber and AA digestibility or AME n were obtained supports the general view that NSP might not be the main source of variation with respect to AA digestibility or AME n concentration in corn grain.
The digestibility of the majority of AA was significantly positively correlated with the CP concentration of the corn samples. Storage proteins account for approximately 50% of the total protein in corn grains, and are primarily located in the endosperm (Lawton and Wilson, 2003) . Prolamine (called zein in corn), the major endosperm storage protein fraction of corn grain, is rich in Glu, Pro, and Leu, and generally poor in Lys (Shukla and Cheryan, 2001; Shewry and Halford, 2002) . In the present study, higher concentrations of Glu, Pro, and Leu in the protein of the corn samples (expressed as g/16 g N) were significantly positively correlated with the digestibility of several AA. The other storage protein fraction, glutelin (called zeanin in corn), is rich in Lys and a higher concentration of Lys in the protein was significantly negatively correlated with the digestibility of several AA. This could indicate that the proportions of different storage protein fractions varied among the corn samples and differences in the AA digestibility might exist among protein fractions of corn grains. This hypothesis is in general agreement with conclusions drawn in previous reviews regarding factors that influence the feeding value of corn for poultry. Cowieson (2005) and Gehring et al. (2013) concluded that chemical attributes other than the total nutrient composition of corn contributed to the nutritional value, i.e., protein solubility, zein content, amylose to amylopectin ratio, and the vitreousness of the corn kernel. Although these specific characteristics were not determined in the present study, results of the grain density measurements of samples may be interesting in this context. Philippeau et al. (1999) showed that kernel density is significantly positively correlated with the vitreousness of corn grains (R 2 = 0.71). Vitreousness is generally defined as the proportion of vitreous (hard and horny) to floury (soft and opaque) endosperm in the corn grain (Dombrink-Kurtzman, 1994). In vitreous endosperm, tightly packed starch granules and large protein bodies (zeins) are embedded in a continuous protein matrix, whereas floury endosperm contains smaller and fewer protein bodies loosely packed within the protein matrix (Robutti et al., 1974; DombrinkKurztman, 1994) . This causes the creation of intergranular air spaces between the starch granules, which results in a lower density (Robutti et al., 1974) . Because grain density was significantly positively correlated with the digestibility of most essential AA in the present study, this could indicate, to a certain extent, an effect of the ratio of vitreous to floury endosperm on AA digestibility. Scientific literature about this aspect of corn grain texture is scarce and, to our knowledge, only one previous study has been published on this. Benedetti et al. (2011) compared dented (higher proportion of floury endosperm) and hard corn in broiler chickens and observed an improved DM digestibility in hard corn. However, AME n concentration was not significantly correlated with grain density. Nevertheless, since the AME n concentration was significantly positively correlated with the digestibility of the majority of AA, it can be assumed that the AA digestibility and the concentration of AME n in corn samples were influenced by the same factors, but the variation in AME n was probably too small to prove a statistically significant relationship.
In conclusion, AA digestibility and AME n concentration of corn grain were generally at a high level, and varied among corn samples. Although the corn grains were analyzed comprehensively, neither physical nor chemical characteristics were suitable to predict AA digestibility or AME n concentration with enough precision to derive equations for practical application. Based on the results of the present study, further research that focuses on differences in the protein and starch composition, as well as grain morphology and related properties, is recommended. Supplementary Table 11 . Selected variables and accuracy of equations (adjusted R 2 ) for predicting amino acid digestibility from the concentration of physical properties including grain density (pool 1 variables).
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Supplementary Table 12.
Selected variables and accuracy of equations (adjusted R 2 ) for predicting amino acid digestibility from the concentration of proximate nutrients, gross energy concentration, and in vitro solubility of nitrogen (N) (pool 2 variables).
Supplementary Table 13 . Selected variables and accuracy of equations (adjusted R 2 ) for predicting amino acid digestibility from the concentration of amino acids (g/kg DM) in the grains (pool 3).
Supplementary Table 14 . Selected variables and accuracy of equations (adjusted R 2 ) for predicting amino acid digestibility from the concentration of amino acids (g/16 g N) in the protein (pool 4).
Supplementary Table 15 . Selected variables and accuracy of equations (adjusted R 2 ) for predicting essential amino acid digestibility from the concentration of minerals (g/kg DM) in the grains (pool 5).
Supplementary data are available at PSCIEN online.
